Ultrafine-Grained Structure of Fe-Ni-C Austenitic Alloy Formed by Phase Hardening by unknown
NANO EXPRESS Open Access
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The X-ray and magnetometry methods were used to study α–γ transformation mechanisms on heating quenched
Fe–22.7 wt.% Ni–0.58 wt.% С alloy. Variation of heating rate within 0.03–80 K/min allowed one to switch from
diffusive to non-diffusive mechanism of the α–γ transformation. Heating up primary austenitic single crystal
specimen at a rate of less than 1.0–0.5 K/min has led to formation of aggregate of grains with different orientation
and chemical composition in the reverted austenite. Significant fraction of these grains was determined to have
sizes within nanoscale range.
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Background
The nanofragments with low-angle sub-boundaries were
found to appear in reverted austenite after fast heating in
the temperature interval of the reverse α–γ martensitic
transformation [1]. Accordingly, slow heating in this
temperature range results in introduction of crystallo-
graphic orientations of initial austenite in accordance with
orientation relationship between crystal lattices of austen-
ite and martensite (the nanograin refining) [2].
It was determined by the Mossbauer method that
aggregate of 30–50 nm thick plate-like crystals with dif-
ferent Ni concentrations was formed in Fe–32 wt.% Ni
during slow heating due to redistribution of Ni at inter-
phase boundary between the reverted γ-phase and re-
sidual martensite [3]. This process caused formation of
concentration inhomogeneity. During the first half of
heating through temperature range of the α–γ trans-
formation the dispersed Ni-rich γ-phase with up to
50 wt.% of Ni was observed. The first mention about
ability of Ni to be redistributed in the process of the re-
verse α–γ transformation was in the work [4].
The volume fraction of nanoscale crystals is dependent
on complex relationships of different factors—chemical
composition of metastable alloys, rate of cooling and
following heating in the course of the direct γ–α, and
the reverse α–γ transformations, the number of the re-
peated γ–α–γ transformations (level of the phase hard-
ening) [1, 2, 4–6]. Complexity of these processes calls
for additional experimental investigations into formation
of grain structure in reverted austenite upon cyclic mar-
tensitic transformations. This work deals with the study
of heating rate effect on the structural changes during
the reverse α–γ transformation in quenched carbon-
containing nickel–iron alloy.
Methods
Fe–22.7 wt.% Ni–0.58 wt.% С alloy was selected to
complete the tasks of this study. The alloy was in aus-
tenite phase at ambient temperature after quenching
from 1270 K into cold water. The direct γ–α transform-
ation occurring on cooling to the liquid nitrogen
temperature was followed by the reverse α–γ transform-
ation on heating to 750 ÷ 830 K. Kinetics of martensitic
transformations was investigated using differential
magnetometer.
Coarse-grained ingot was received by the slow cooling
of the melt to 1000 °C with furnace. From 1000 °C, ingot
was cooled in cold water. In such ingot, there were the
austenitic grains with dimension about 5–10 mm. From
the biggest grains, the monocrystal specimens in form of
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cylinder with diameter of 0.8 mm for the X-ray investi-
gation were cut.
Single crystal diffraction measurements with photo
registration were performed in RCW-86 М1 rotation
chamber using FeKα radiation. The measurement accur-
acy of the amount of the martensite by X-ray method is
3 % and by magnetometric method—0.5 %.
Results and Discussion
The magnetometry measurements have revealed high
degree of correlation between completeness of the dir-
ect γ–α transformation and the rate of heating in the
interval of the reverse α–γ transformation. The start
temperature of the γ–α transformation and the frac-
tion of martensitic phase formed on cooling down to
liquid nitrogen temperature were reduced as the heat-
ing rate of the direct transformation was decreased in
the Fe–22.7 wt.% Ni–0.58 wt.% С alloy (Fig. 1).
Heating of the alloy at a rate higher than 2–3 K/min did
not lead to significant change of the kinetics and the com-
pleteness of the following direct γ–α transformation. If
the heating of the quenched alloy occurs at a rate lower
than critical one, the α–γ transformation is accompanied
by diffusion processes, which result in gradual decreasing
the completeness of the γ–α transformation and enrich-
ment of the reverted austenite with nickel.
The change of heating rate within certain range in the
temperature interval of the α–γ transformation allows one
to control relationship between diffusive and non-diffusive
components of its mechanism. Accordingly, realization of
the reverse transformation gives rise to formation of high-
dispersive structure of the reverted austenite at nanoscale
level. Slow heating up to start temperatures of the reverse
transformation caused non-recoverable changes in the ori-
ginal orientation of the austenite lattice as it was in case of
rapid heating of quenched alloys to these temperatures.
Diffusive character of the reverse transformation led to
multiplication of orientations of the reverted austenite.
Principally, different mechanism compared to those in-
volved in intensive plastic deformation, evaporation, or
gas deposition accounts for nanocrystalline heterophase
system formation due to cyclic direct and reverse mar-
tensitic transformations. According to this mechanism,
the fragmentation factor is related to crystallography of
martensitic transformations. Multiplication of orientations
associated with the γ–α–γ transformations is accounted
for by nucleation of γ-crystal inside every α-crystal, while
all 24 martensite variants tend to be realized upon the
α–γ transformation [1, 2, 7].
Tuning the heating rate of the quenched carbon-
containing nickel-iron alloys within the range of
0.03 ÷ 80 K/min makes it possible to change relation-
ship between diffusive and non-diffusive components
of the transformation mechanism.
The X-ray study of the structure of phase-hardened sin-
gle crystal alloys revealed structural mechanism of the re-
verse α–γ transformation [2]. Heating the specimen in the
temperature interval of the α–γ transformation at a rate
higher than 0.5 K/min leads to formation of reverted aus-
tenite with orientation corresponding to non-diffusive
character of the reverse transition [1, 3]. When the heating
rate was reduced down to 0.05 K/min, reflections from
the γ-phase caused by significant number of new grains
were observed. New grains had different orientations in
relation to those of the initial austenite. They were located
within certain interval around the Bragg angle. Thus,
interval for the (311)γ peak was between 111.58° and
112.59°. Single reflections located in certain interval of the
Bragg angle transformed in practically continuous diffrac-
tion line as a regime of X-ray measurements provided oscil-
lations of specimen within the angular interval of ±12°. The
reverted γ-phase peaks gained all values located in between
the minimum and the maximum Bragg angle indicating
continuous build-up of nickel concentration in the γ-phase.
Microphotometric curves of the reverted γ-phase re-
flexes have shown considerably different peak broadening
for diffusive and non-diffusive α–γ transformation. In case
of diffusive α–γ transition, higher broadening was caused
by number of reflections from grains with different nickel
content (Fig. 2). The half-width of certain reflexes appear-
ing at diffusive α–γ transformation was found to be much
smaller than at non-diffusive α–γ transformation. It
occurred due to relaxation processes minimizing the influ-
ence of internal stresses on reflection broadening upon
slow cooling in the temperature interval of the α–γ transi-
tion. Occurrence of the additional separate reflections in
azimuthal direction of the initial reflection (220)γ testified
on the formation of new grains during the diffusive α–γ
transformation (Fig. 3).
Fig. 1 Magnetometric curves of alloy on cooling: 1 the initial state,
2, 3, and 4 after the α–γ transformation, realized at a heating rate of
60; 0, 08; 0,05 K/min, respectively
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Intensity of the reflexes varied over an order of mag-
nitude and more that implied the number of grains of
different orientations were noticeably different. The
most intensive peaks corresponded orientations close
to orientations of the austenite twinned with respect to
the initial one. The formation of twinned austenite can
be expected in regions of the reverted γ-phase where
relaxation processes occur to their full extent. Some
number of reflections similar to spot ones and practic-
ally without azimuthal blurring as well as the reflec-
tions with azimuthal blurring measured several degrees
were observed. It indicated inhomogeneity of grain
structure of the reverted austenite.
Certain peaks were accompanied by diffusion effects
(tails) characteristic of thin plate-like dispersed grains of
nanoscale size. Appearance of doublet reflections corre-
sponding to almost the same orientations but different
Bragg angles can be attributed to concentration inhomo-
geneity of nickel in grains.
Conclusions
It has been shown that the reverse α–γ transformation
by the diffusion mechanism in the Fe–22.7 wt.% Ni–
0.58 wt.% С alloy gives rise to the formation of complex
grain structure of reverted austenite. The diffraction
pattern of the reverted austenite has not demonstrated
signs of internal stress. The half-width of diffraction
peaks of the reverted austenite was significantly smaller
than that of the initial austenite. The reverted austenite
grains formed in the course of α–γ transformation dis-
played different orientations and sizes including nanoscale
ones. They also possessed significant concentration in-
homogeneity characterized by continuous change of nickel
concentration in the whole range of its values.
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Fig. 2 Microphotometric curves of the (220)γ reflections from
reverted austenite formed during non-diffusive (a) and diffusive
(b) α–γ transformations
Fig. 3 Microphotometric curve along the azimuthal direction of the
(220)γ reflection from reverted austenite formed during diffusive
α–γ transformation
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